Objectives. The choice of cell line for in vitro biological tests which assess the cytotoxicity of dental materials remains controversial, yet this issue is important because these tests are widely used to rate the biocompatibility of new and existing materials, and many different cell lines are commonly used. The purpose of the current study was to quantify the responses of four cell lines (Balb/c 3T3, L929, ROS 17/2.8 and Wl-38) to 14 metal ions which are released from dental materials, and relate these responses to the metabolic activity and population doubling times of these cells. Methods. Succinic dehydrogenase (SDH) activity was used to monitor metabolic activity and cytotoxic response. Results. The cell lines responded differently to most metal ions. In general, the Balb/c 3T3 line was the most sensitive, and the Wl-38 line was the least sensitive. However, there were many exceptions depending on the metal ion. The passage number of the cells also affected the cytotoxic response. It was concluded that the cytotoxicity of materials which release metal ions will be significantly different depending on which cell line is selected and its passage number. Significance. Based on the findings that cell lines ranked the toxicities of the metal ions similarly, it seems reasonable to use these types of in vitro tests to rank the cytotoxicities of materials. However, if these types of tests are used to predict in vivo cytotoxicity, care should be taken to choose conditions and cells which are relevant.
INTRODUCTION
Standardized in vitro biological tests are an important part of the overall biocompatibility assessment of dental materials. The usefulness of these tests depends upon identifying and understanding the many variables which can affect their outcome. Kawahara et al. recognized the importance of these variables as early as 1968, and since then, there have been numerous reports which have documented this problem (for example, Hensten-Pettersen and Helgeland, 1977; MjSr et al., 1977; Wennberg et al., 1983; Wataha et al., 1992b) .
One critical variable in in vitro biological tests is the type of cells which are used. The issue of which cell lines are desirable and whether selection of cell line makes a significant difference in the outcome of the tests remains controversial and incompletely studied. In 1981, Hanks et aL reported that Balb/c 3T3 mouse fibroblasts, a continuously dividing cell line, were more sensitive to dental cements than human periodontal ligament fibroblasts, a primary cell line with limited ability to divide. In an extensive study, Johnson et al. (1983) exposed 12 continuously dividing cell lines to 20 materials, and compared these results to implantation tests in muscle. Although they showed that different cell lines responded differently to the materials, they used nonparametric measurements to quantify these responses. Thus, quantitative comparisons among cell lines was not possible. Pizzoferrato et al. (1985) used epithelial cells (HeLa, KB, EUE lines), lymphocytes, fibroblasts (VERO line) and mouse peritoneal macrophages to evaluate the cytotexicity of alumina-titania composites, titanium, stainless steel and copper. They concluded that these cells all reacted differently to these materials, but comparisons among the cell lines were difficult because they used different conditions and types of tests for each cellline. Babich et al. (1986) used two different fish egg cell lines (BF-2 and RTC~2) to measure the cytotoxicity of metal ions which occur as aquatic pollutants under identical cell-culture conditions. The RTG cells were less sensitive to the metal ions in all cases, but these cell lines are uncommon in dental materials biocompatibility testing.
More recently, Berstein et al. (1992) have reported that a continuously dividing lymphoma cell line (MOLT 4) was less sensitive to various dental casting alloys than primary human gingival fibroblasts. This finding was in contrast to Hanks et al. (1981) who found a continuous line more sensitive. Finally, Lehmann et al. (1993) used human p~mary fibroblasts from the gingiva, periodontal ligament, and pulp and compared the reactions of these cells with Balb/c mouse fibroblasts (a continuous cell line). There were signfficant differences in the sensitivities of the cells, even among the primary lines, although in their abstract, the authors did not report the passage of the cell lines or how the purity of the primary lines was verified.
The specifications which govern the in vitro testing of dental materials advocate the use of specific, continuous cell lines from recognized cell repositories (ADA, 1979; ISO, 1993) , although the ISO specification allows other cell lines to be used if the same results can be shown. These specifications have not addressed possible differences in the sensitivities of these cell lines to biomaterials. Since previous investigators have reported that the selection of the cell lines influences the toxic response to biomaterials (see previous discussion), there is an urgent need to demonstrate, under identical culture conditions, the differences in sensitivities of these cell lines to dental materials.
The previous studies which have addressed the use of different cell-lines have generally exposed these cells to whole materials, such as a dental alloys, composites, or cements, rather than the components of the materials which are released into the oral caviW. This strategy has limited the ability of these authors to quantify the differences among cell lines, since these materials release several components often at different rates (Wataha et al., 1991a; 1992a) . Since the amounts of released components cannot be controlled or even easily quantified, the ability to identify the sensitivity of the different cell lines to a component or quantify that sensitivity is severely limited. Furthermore, these studies have often used different cell-culture media or cul~re conditions for the different cell lines, which has further complicated the ability to compare the different cell lines.
Thus, in the present study, different cell lines were exposed to metal ions which are known to be released from dental materials. Using these ions, dose-response curves were constructed for each metal ion and cell line, thereby establishing quantitatively the sensitivity of each cell line to the metal ions under identical culture conditions. The sensitivity of each cell line was then related to its population doubling time and metabolic activity, since previous research has indicated that these parameters may influence cellular response to metal ions (Babich et al., 1986; Wataha et al., 1993a) . Table 1 lists the metal ions which were used, their sources and the ranges of concentrations which were tested. The metallic salts were purchased at the highest purities available (Aldrich, St. Louis, MO, USA). These metal ions were selected based on previous reports that they are released from dental materials into the oral environment (Covington et al., 1985; Brune, 1986; Nourollahi and Meryon, 1989; Muller et al., 1990; Gerstorfer et al., 1991; Wataha et al., 1991a) . The concentration ranges were adjusted so that the lowest concentration did not affect the cells, and the highest concentration caused complete cytotoxicity, based on a previous study using Balb/c 3T3 fibroblasts (Wataha et al., 1991b) . Table 2 lists the cell lines used in the current study and their species, phenotypes and American Type Culture Collection (ATCC) numbers. The Balb/c, L929, and WI-38 cell lines were chosen because they are recommended by either the ISO orADA specifications. The ROS line is a more specialized continuous cell line, and although not available through the ATCC, is still commonly available (Majeska and Rodan, 1982) . Furthermore, all cell lines were capable of growing in the same culture medium.
MATERIALS AND METHODS
Cells were cultured in F-12 medium (Gibco, Grand Island, NY, USA) supplemented with 5% NuSerum (Collaborative Research, Bedford, MA, USA), 125 units/mL of penicillin (Gibco), 125 ]xg/mL of streptomycin (Gibco), 2 mmol/L of glutamine (Gibco), 1.1 mmol/L of CaC½ (Gibco), and 28 mmol/L of 
Be 2+
Cd 2÷ HEPES buffer (Gibco). Cells were added to culture wells at 20,000 cells/cm 2 24 h before the addition of the metals. Cell metabolic activity was assessed by succinic dehydrogenase (SDH) activity, which is a measure of the mitochondrial activity of the cells. SDH activity was also chosen to measure the cytotoxic effects because previous studies had shown that it was a good overall estimator of the cytotoxicity (Wataha et al., 1991b) . Detailed procedures for these measurements are described elsewhere (Watahaet al., 1991b) . The population doubling time of the cells was calculated as described in Freshney (1987) from cell counts in a hemocytometer. The dose-response curves of the cells to the metal ions were determined by adding eight concentrations (at n = 8) of the metal ions diluted in sterile distilled water (Table 1) to the cells for 24 h, after which the SDH activity of the cells was measured. Control solutions contained the sodium salts of the anions. Addition of the metal ions and control solutions did not cause precipitation or a pH change of more than 0.05 units in the medium. The SDH activity was plotted vs. the metal ion concentration for each ion and cell line. The concentration required to cause a 25 or 50% depression (TC25 or TC50 concentrations, respectively) in SDH activity was esti- mated graphically relative to the wells with the control solutions, which were defined as 100%. Errors were also determined graphically from 95% confidence intervals of the doseresponse line. The TC25 or TC50 values were compared using ANOVA and Tukey intervals (p = 0.05).
RESULTS
Although the same number of cens were plated initially in all experiments, the cell lines clearly had different SDH activities during the period when the metal ions were added (24~8 h, Fig. 1 ). The SDH activity showed significant differences at 24 h which continued through 72 h. In general, the activity of the L929 cells was greatest, followed by the Balb, ROS, and WI-38 cells. The population doubling times for the cell lines are shown in Table 3 . To a large extent, these values reflect the growth rates and activities of the cells in Fig. 1 , except for the L929 line, which showed a population doubling time similar to the ROS cells, but a metabolic activity closer to the Balb cells. Fig. 2 shows a comparison of the SDH activities of a Balb cell line alter 4 and 275 subcultures. After four subcultures (Passage 4 in Fig. 2) , the cells had a lower SDH activity at all time intervals than after 275 subcultures (Passage 275). The increased activity of the latter group was probably a consequence of selection of the most actively dividing cells over the period of the subcultures (approximately 26 months). The difference in activity of the two passage numbers was the basis for comparing the cytotoxic response to the metal ions.
The responses of the cell lines to the metal ions are shown in Table 4 . For each ion, the concentration required to cause a 50% decrease in the SDH activity (TC50) is shown. In cases where the concentration ranges used were insufficient to cause a 50% decrease, the concentration required to cause a 25% decrease (TC25) is shown (AP, Ga ~, NF+). Low TC50 or TC25 values indicate a more toxic metal ion. Thus in Table 4 , the ROS cells were more sensitive toAg 1÷ than L929 cells because it took a lower concentration ofAg 1÷ to reduce the SDH activity 50% (10.8 ~rnol/L) for the ROS cells than for the L929 cells (30.1 ~mol/L). The WI-38 cells were generally the least sensitive to the metal ions, indicated by the higher TC50 values. Titanium and chromium were exceptions because the Balb cells were less sensitive to titanium, and no cell line was sensitive to the chromium ions. Beyond this trend, there was no cell line which was consistently the most sensitive to all metal ions, although the Balb cells were commonly more sensitive than the other cell lines. Although the TC25 or 50 values for a given metal ion were statistically different when evaluated by different cell lines, they were in the same range. Thus, for example, Cd TC50 values ranged from 0.8 to 9 pmol/L, whereas Au values ranged from 60 to 115 llrno]/L, and Cr was consistently greater than 1900 ~mol/L. When the data in Table 4 were compared with the population doubling times in Table 3 , there was some indication that shorter doubling times implied increased sensitivity, since the Balb cells, with the shortest doubling time, were often more sensitive to the metal ions than the WI-38 cells, with the longest doubling time. However, beyond this generalization, there were many exceptions, and for the ROS and L929 cells, there was no clear correlation. For the cell activities shown in Fig. 1 , the WI-38 cells were the least sensitive and also had the lowest SDH activiW. The L929 cells had the highest SDH activity, but were not the most sensitive cell line to the metal ions as often as the Balb cells.
In spite of the lack of an ideal correlation between toxicity and metabolic activity or population doubling time, most of the cell lines ranked the toxicities of the metal ions similarly (Table 5) . For an unbiased comparison, Balb/c 3T3 235 (15) 71 (32) 110 (25) 190 (15) 1050 (180) 15.6(1.0) 35.0(2.5) ROS17/2.8 172 (7) 72 (33) 235 (25) 290 (15) 200 (35) ments which caused a 50% depression ofSDH activiW. Since metal ions most often inhibited the WI-38 cells by less than 50%, these cells were omitted from the Table. The ranking of the toxicities of the ions was remarkably similar. Differences in one or two rank steps among the cell lines was common, but the ranking rarely differed by more than two steps for any element. For example, Cd andAgions were consistently among the most toxic elements, Be was among the least toxic, and Zn, Au, Cu ions were generally midrange. Ti was exceptional because it was less toxic to Balb and L929 lines, but was markedly more toxic with the ROS line. When Cd 2÷ and Cu ~+ were exposed to Balb cells which were subcultured different numbers of times, a significant difference in the SDH activity response was seen (Fig. 3) . The cells which were subcul~red the most times (Passage 275) and which had the higher SDH activity rates (Fig. 2) were less sensitive to these metal ions than the cells which were subcultured less. Furthermore, low concentrations of each of these metals showed a slight stimulation of SDH activity in the Passage 275 group.
DISCUSSION
Although the cell lines ranked the metal ions similarly by SDH activity, it was difficult to relate the differences among the cell lines to any single factor which was evaluated, including phenotype or species of the cells (Tables 2 and 4) . The results did not completely support the hypothesis that a high metabolic rate or a short population doubling time would increase the sensitivity of the cells to the metal ions. The L929 cells, which generally had the highest metabolic activity, were sometimes the most sensitive to the metal ions, and WI-38 cells, which were the least active, were also the least sensitive in most cases. However, there were many exceptions, and a general statement relating cell activity and toxic response was not possible.
Values for the population doubling times of the cells differed from values published in the ATCC catalogue in some cases (Table 3 ). The discrepancy was largest for the Balb/c 3T3 cell line. The reasons for the discrepancies are not clear, but changes in the medium and serum composition as well as selection of faster growing cells during repeated subculture are probably responsible. It was clear that even with a single continuous cell line, the activity of the cell line and its response to metal ions changed as the number of subcultures increased (Figs. 2 and  3 ). This result was signfficant because continuous cell lines, which have relatively reproducible growth rates and biological responses (ISO, 1993) , are often recommended for standardized tests. Furthermore, these results in Fig. 3 did not adequately explain the cell density effects previously reported (Wataha et al., 1993a) . Previously, it was hypothesized that since Balb cells were less sensitive to metal ions when plated at high monolayer densities, the lower metabolic activity of these high density cultures was responsible for the reduced sensitivity. Thus, it was expected that the less active cell line (Passage 4 in Figs. 2 and 3 ) would be less sensitive to metal ions. However, the data in Fig. 3 tend to refute this hypothesis since Balb cell cultures with higher activities were less sensitive to Cd and Cu than cultures with lower activities. Pizzoferrato etal., 1985; Berstein et al., 1992) . However, the results in the current study quantify these differences and permit direct comparisons among cell lines because identical culture conditions were used to test the biomaterials. Interestingly, the ranking of the metal ion cytotoxicity in the current study for Cd, Zn, Cu, and Ni was identical to that reported by Babich et al. (1986) using fish egg cell lines, although the TC50 values for the two studies were significantly different. Finally the results reported by Hanks et al. in 1981 support the current findings that Balb/c 3T3 fibroblasts tend to be more sensitive to dental materials than other cell lines. The lack of a clear pattern in the response of the different cell fines to the metal ions reinforces previous reports that each metal ion affects cells in a specific way (Williams, 1981; Wataha et al., 1991b; 1993b) . Thus, the particular toxicity of a metal ion in a given cell line may depend upon more specific metabolic differences than were measured in the current study, such as production of metallothioneins or other specific proteins, and the ways by which the metal ions react with those specific processes.
In summary, it was concluded that the apparent cytotoxicity of materials which release metal ions will be significantly affected by which cell line is selected for the test. Furthermore, such results can change as the cell line is subcultured over many times, despite the use of continuous cell lines from the ATCC registers. However, it seems reasonable to use these types of tests to rank materials based on the findings that cell lines ranked the toxicities of the metal ions similarly. If information beyond simple ranking of toxicities is required, care must be taken to choose the cell line which is most relevant to the in vivo situation of interest since the response of a given cell line is likely to vary considerably.
The toxicity of the metal ions in the current study for Balb/c 3T3 cells were not always in agreement with previous reports (Wataha et al., 1992b) . For example, the TC50 value for SDH activity for Ag ~* was previously found to be 5.8 pmol/L, whereas the value in the current study was 25.5 lamol/L. These discrepancies may be caused by the variables in the experimental procedure including the passage number of the cells and the cell density. This hypothesis was supported by the results of the current study and previous studies (Wataha et al., 1993a) . Altheugh other cells lines were not tested, cell density and passage number could affect their cytotoxic responses as well.
The results of the current study are in agreement with those of previous investigators who have reported that different cell lines respond to biomaterials differently (Johnson et 
